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SUMMARY
Studies in animal models and patients with epilepsy have
suggested that basal ganglia circuits may control epileptic
seizures and that striatal dopaminergic transmission may
play a role in seizure modulation and interruption.
Chromosome 20 [r(20)] syndrome is a well-defined
chromosomal disorder characterized by epilepsy, mild-
to-moderatemental retardation, and lack of recognizable
dysmorphic features. Epilepsy is often themost important
clinical manifestation of the syndrome, with prolonged
episodes of nonconvulsive status epilepticus suggesting
dysfunction in the seizure control system.We present the
ictal blood oxygen level–dependent (BOLD) changes in
brief seizures recorded by means of electroencephalogra-
phy–functional magnetic resonance imaging (EEG-fMRI)
coregistration in a patient with [r(20)] syndrome. We
observed ictal BOLD increments in a cortical-subcortical
network involving substantia nigrastriatum and frontal
cortex. At present, this is the first functional neuroimag-
ing evidence of the involvement of the nigrostriatal
system during ictal EEG discharges in [r(20)] syndrome
supporting a role of the basal ganglia circuits in human
epileptic seizures.
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Studies in animal models and patients with epilepsy have
suggested that basal ganglia circuits may control epileptic
seizures and that striatal dopaminergic transmission may
play a key role in seizure modulation and interruption (Gale,
1992). Chromosome 20 [r(20)] syndrome is a well-defined
chromosomal disorder characterized by epilepsy, mild-to-
moderate mental retardation, and lack of recognizable dys-
morphic features (Inoue et al., 1997; Canevini et al., 1998).
Epilepsy is often the most important clinical manifestation
of the syndrome, with prolonged episodes of nonconvulsive
status epilepticus (NCSE) suggesting dysfunction in the sei-
zure control system. In this line, recent interictal positron
emission tomography (PET) and single photon emission
computed tomography (SPECT) studies, suggested that
dopaminergic dysfunction in the nigrostriatal system could
have a role in the genesis and maintenance of seizures in
[r(20)] syndrome (Biraben et al., 2004; Bouilleret et al.,
2005).
Besides NCSE, Augustijn et al. (2001) and Vignoli et al.
(2009) reported the occurrence of subtle, nocturnal frontal
lobe seizures as a characteristic ictal pattern of this
syndrome. These seizures are characterized by a burst of
diffuse but frontally predominant high-voltage fast activity
clinically associated with minimal to moderate motor
activity.
We present the ictal blood oxygen level–dependent
(BOLD) changes in brief seizures recorded by means of
electroencephalography–functional magnetic resonance
imaging (EEG-fMRI) coregistration in a patient with
[r(20)] syndrome. We observed ictal BOLD increments
in a cortical-subcortical network involving substantia
nigra-striatum and frontal cortex. At present, this is the
first description of ictal basal ganglia involvement in
this syndrome.
Methods
A 14-year-old girl was investigated by means of simulta-
neous EEG-fMRI coregistration in the context of an ongo-
ing project on [r(20)] syndrome. Approval was granted by
the human ethic committee of the University of Modena and
Reggio Emilia, Italy. Written informed consent was
obtained from her parents. The patient’s karyotype was
mosaic 46, XX, r(20)[53]/46, XX[47]. Epilepsy in the form
of epileptic encephalopathy started at 9 years (Vignoli
et al., 2009). At the present time, she has daily brief seizures
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during drowsiness and sleep characterized by minimal
motor behavior (eye-opening with eyelid flutter) or sudden
fear, followed by simple motor automatisms. Ictal EEG was
characterized by a high-amplitude slow wave followed by a
brief discharge of fast polyspikes predominant over the
frontal leads (Fig. 1A).
EEG and fMRI acquisition
Scalp EEG has been recorded by means of a 32-channel
MRI-compatible EEG recording system (Micromed, Mogli-
ano Veneto, Italy). Electrodes were placed according to
conventional 10–20 locations. Prior to in-magnet EEG
recording, 30 min out-of magnet EEG was collected in a
A
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Figure 1.
(A) Example of one seizure
recorded during routine video-EEG
monitoring. The event is
characterized by a diffuse discharge
of fast spikes followed by high
amplitudes slow waves. The EEG
was recorded by 19 electrodes
according to the 10–20 system and
represented in monopolar
reference. (B) Example of one
seizure recorded during the EEG-
fMRI session. EEG was recorded by
32 electrodes and represented in
monopolar reference. The ictal
pattern is similar to that recorded in
A. This kind of EEG quality was
obtained after gradient-artifact
removing and after correction of the
cardio-ballistogram artifact, as
described in the Method section.
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room adjacent to the scanner. Foam pads were used to help
secure the EEG leads, minimize motion, and improve
patient comfort. Data were transmitted via an optic fiber
cable from the amplifier (1,024 Hz sampling rate) to a com-
puter located outside the scanner room. To avoid saturation,
the EEG amplifiers have a resolution of 22 bits with a range
of €25.6 mV.
The patient’s behavior was constantly observed and
recorded by means of a small camcorder positioned on the
head coil inside the scanner pointing to the patient’s face to
obtain a split-screen video-EEG documentation during the
fMRI recording.
Functional data have been acquired using a Philips Intera
system at 3T and a gradient-echo echo-planar sequence
from 30 axial contiguous slices (TR = 3,000 msec; in-plane
matrix = 64 · 64; voxel size: 4 · 4 · 4) over three 10-min
sessions (200 volumes/session) with continuous simulta-
neous EEG recording. A high-resolution T1-weighted
anatomic image has been acquired to allow accurate
anatomic localization of activations/deactivations. The vol-
ume consisted of 170 sagittal slices (TR = 9.9 msec;
TE = 4.6 msec; in plane matrix = 256 · 256; voxel size =
1 · 1 · 1 mm).
EEG data analysis
BrainQuick System Plus software (Micromed) was used
for offline correction of the gradient artifacts (Allen et al.,
2000) and filtering of the EEG signal.
In addition, the EEG data were exported in the .edf format
and reviewed and analyzed by means of the BrainVision
Analyzer 2.0 software (Brain Products, Munich, Germany).
To remove the ballistocardiographic artifact from the
recording, an independent component analysis (ICA) was
performed on dataset. Each component was subsequently
segmented around electrocardiography (EKG) R-peaks, and
components responsible of the 80% of the variance were
removed (Debener et al., 2009). The in magnet video-EEG
recordings were then reviewed in a referential montage by
two experienced electroencephalographers and compared to
the subject’s EEG recording outside the scanner in order to
mark EEG events with the characteristics of discharges of
high-voltage fast spikes.
For subsequent time-frequency analysis of selected EEG
events, data were filtered using a 1–250 band-pass II order
filter, and then segmented around each marker so as to
investigate the time window from )2 s up to 8 s with
respect to the seizure onset. A complex Morlet wavelet was
performed to obtain a time-frequency description of these
events, investigating 15 frequency bands ranging from
1–60 Hz.
fMRI data analysis
The Matlab 7.1 and SPM5 (Wellcome Department of
Imaging Neuroscience, London, United Kingdom) software
was used for data analysis. All functional volumes were
slice time corrected, realigned to the first volume acquired,
normalized using the standard Montreal Neurological Insti-
tute (MNI) template as implemented din SPM5 and
smoothed with a 12 · 12 · 12 mm full-width half maxi-
mum (FWHM) Gaussian kernel. Data analysis was per-
formed by means of the SPM5 general linear model (GLM)
using EEG events of interest as regressors convolved with
the standard hemodynamic response function (HRF). EEG
events were represented as variable-duration events begin-
ning at the onset of the first spike and ending upon the termi-
nation of the high-voltage fast activity. The six motion
parameters derived from the fMRI preprocessing (transla-
tion and rotation in the X, Y, and Z direction, respectively)
were used as covariates in the GLM. Movement artifacts
individuated by the analysis of EEG and video-recordings
(eye-blink, deglutition, head movements) were considered
as confounders in the model.
One-tailed t-tests were applied to test for regional BOLD
increases or decreases in relationship with the EEG events
of interest. At the voxel level, the significance level was set
at p < 0.05 after correction for multiple comparisons across
the whole brain using the family wise error (FWE) correc-
tion method as implemented in SPM5 (Friston et al., 1995).
This corresponds to t-values above 4.7. An extent thres-
hold of five contiguous voxels was also applied. Results
were superimposed onto the individual high-resolution
T1-weighted images normalized into the MNI space.
Coordinates in Talairach space were obtained by apply-
ing the Matthew Brett correction (mni2tal: http://www.mrc-
cbu.cam.ac.uk/Imaging/mnispace.html) to the SPM–MNI
coordinates.
Results
Thirty-one brief seizures were recorded during the EEG-
fMRI acquisitions with a mean duration of 3 s (one example
is depicted in Fig. 1B). The seizures were characterized by
eye-opening with eyelid flutter.
In Fig. 2A,B is reported the average of the time-
frequency analysis for the 31 examined discharges of fast
spikes. The events were characterized by a maximum band
power between 20 and 40 Hz.
The analysis of fMRI signal changes showed marked
BOLD increases in the midbrain (local maxima right sub-
stantia nigra: x = 8; z = )10; y = )17), head of the cauda-
tus, visual, opercular-insular, sensory-motor, and medial
prefrontal cortex bilaterally (Fig. 2C). No BOLD signal
decrements were detected.
Discussion
This is the first functional neuroimaging evidence of the
involvement of the nigrostriatal system during ictal EEG
discharges in [r(20)] syndrome, supporting a role of
the basal ganglia circuits in human epileptic seizures.
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Obviously, the present evidence is limited to a particular
seizure types (brief high-voltage fast activity) in a single
patient with a rare chromosomal disorder. However, we
believe that this observation is important to prompt further
studies to assess the role of the nigrostriatal system in this
disorder as well as in other human drug-resistant epilepsies.
In this line, our findings expand previous results obtained
by PET studies documenting an interictal decrease of
L-DOPA uptake in the striatum and substantia nigra in
patients with [r(20)] syndrome and in patients with other
drug-resistant epilepsies (Biraben et al., 2004; Bouilleret
et al., 2005). Overall these findings support future
investigations of different therapeutic strategies in [r(20)]
syndrome, both pharmacologic (dopaminergic) or nonphar-
macologic (deep brain stimulation) to target the activity of
basal ganglia circuits.
In addition to ictal midbrain-caudate increments of
BOLD signal, we observed activations of cortical regions
involving the frontal lobe. In particular, the activations
involved the frontoopercular cortex bilaterally and the
A B
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Figure 2.
Ictal BOLD changes during fast
discharges. (A) Example of one ictal
event as recorded from the frontal
leads (F3, Fz, and F4) that has been
used for the SPM analysis. (B) Time-
frequency plots for F3, Fz, and F4
(average of the 31 events that have
been recorded). The plots
represent the average power for the
different frequency bands over time
from 1 s before to 4 s after seizure
start (time 0). Note that the ictal
discharges were characterized by a
mean frequency about 20–40 Hz
(red color). (C) On the left, a sagittal
brain section (x = 8) shows
midbrain, caudate, visual, and medial
prefrontal cortex increments of
BOLD signal related to fast
discharges. On the right, three axial
images corresponding to the plane
of the blue lines are reported. (1)
Axial image (z = )10) showing
BOLD increase in the midbrain; (2)
axial image at the level of caudate
nuclei (z = 2). In both 1 and 2,
BOLD increments are evident also
at frontoopercular and visual
cortical areas bilaterally. (3) Axial
image (z = 50) showing activations
in the medial frontal lobe and
sensory-motor cortex bilaterally.
Activated cluster were
superimposed on the patient’s T1
image (p < 0.05 corrected for
multiple comparisons FWE;
k > 5 voxels).
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medial frontal cortex. These ictal BOLD increments are
concordant with the hypothesis that seizures in ring-20
epilepsy reflect frontal lobe circuitry dysfunction. This
idea is supported by the clinical semiology of subtle noc-
turnal seizures (Augustijn et al., 2001; Vignoli et al.,
2009), by recent ictal magnetoencephalography documen-
tation of medial frontal lobe involvement (Tanaka et al.,
2004), and by the genetic evidence of frontal lobe
involvement in epilepsy caused by mutations within the
distal long arm of chromosome 20 (autosomal dominant
frontal lobe epilepsy).
Finally, we observed BOLD increments in the visual
areas and in the sensory-motor cortex bilaterally. At present
we do not have a hypothesis to explain these BOLD signal
changes, and future studies including more patients with
[r(20)] syndrome should be performed.
In conclusion, EEG-fMRI is a valuable technique that can
provide new information to elucidate cortical-subcortical
networks in rare encephalopathies revealing the participa-
tion of brainstem structures in the epileptogenic network
(Siniatchkin et al., 2011).
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